In this paper, we describe the development of the software algorithms required to interpret sensor data developed by a wearable miniaturized wireless inertial measurement unit (IMU) to enable tracking of movement Traditionally, inertial tracking has involved the use of off the shelf motion sensors in the form of an inertial measurement unit, in combination with a GPS based receiver system for improved accuracy. Several immediate concerns are evident when a low cost, low power consumption, miniaturised solution is needed in applications such as animal tracking. GPS solutions have proven to be costly requiring an expensive satellite link & entail power supply and size concerns when deployed on live animals. In particular applications, GPS coverage is not available for all application scenarios and alternative mechanisms for motion tracking are required. IMUs cannot be used in isolation for absolute position tracking, since an IMU calculates position utilising a square function of time (t) where the error is proportional to the sampling time, any errors in the output of the sensors are therefore also multiplied by t². This typically leads to large positional errors in operation: These issues can potentially be addressed by using only a low cost modular IMU solution to enable the mapping of movement if appropriate algorithms are implemented The goal of this paper is to present a mathematical algorithm that enables an inertial -based tracking system to be realized. This algorithm could then be used with GPS (GPS is commonly used but there are other methods like triangulation) along with a Kalman Filter algorithm providing an accurate 3-Dimensional tracking system.
INTRODUCTION
Autonomous position mapping can be realized using a miniaturized wireless IMU with 3-axis sensor outputs indicating acceleration, angular velocity & magnetic field. Using this information as inputs to a system of equations representing IMU motion, the resultant positional displacement, angular rotation & compass orientation relative to the earth's magnetic field, in all 3-axes can be realized.
This positional data could for instance be utilised with GIS mapping software to see the movement of the body either in real time following data download, or interact directly with the environment [1] , depending on the application.
The inherent drift common in all IMU sensors can be compensated for using an additional system as appropriate e.g. an RFID system to give a zero (origin) datum point correction, or another application specific zeroing mechanism (GPS, triangulation etc.). Furthermore filtering algorithms such as Kalman filtering [2] [3] [4] or digital filtering of the sensor outputs can be enabled for improved accuracy.
WIMU Hardware Development
The 25mm WIMU, has been described previously [5] , and is a 6 DOF IMU module, which is made up of an array of inertial sensors coupled with a high resolution analog to digital converter (ADC). The 25mm WIMU module utilises the wireless communication capabilities of the 25mm wireless node [6] [7] to realise a fully autonomous WIMU module.
Figure 1. Tyndall's 25mm WIMU Module
Permission to make digital or hard copies of all or part of this work for personal or classroom use is granted without fee provided that copies are not made or distributed for profit or commercial advantage and that copies bear this notice and the full citation on the first page. To copy otherwise, or republish, to post on servers or to redistribute to lists,The wireless node has an integrated ATMEL ATMega128 [8] microcontroller for the development of customised embedded protocol algorithms for the networking of the modules. This feature coupled with the 2.4GHz transceiver, RF Nordic nRF2401 [9] , produces a very powerful customisable wireless node. Alternative implementations enable the Zigbee (IEEE 802. 15.4) communications in the 25mm form factor if required. The 25mm WIMU can be seen in Figure 1 . The inertial sensor array consists of three single axis gyroscopes, ADXRS150 [10] from Analog Devices, two dual axis accelerometers, ADXL202 [11] from Analog Devices, and two dual axis magnetometers, HMC1052L
[12] from Honeywell. The sensor array was designed with a novel 3D structure, which produces the 6 required degrees of freedom (DOF) necessary to determine position. The module also has a 12-bit ADC chip, AD7490 [13] from Analog Devices, handling the data conversion. This chip has a Serial Peripheral Interface (SPI), which allows easy interfacing to the ATMEL microcontroller, as outlined in Figure 2 .
Figure 2. WIMU Block Diagram
The 3D structure was implemented using a motherboard/daughterboard configuration. Miniature slots were drilled in the motherboard to allow the daughterboard to be oriented at a 90° angle with respect to the motherboard. The motherboard and daughterboard were designed so that their respective pads would register accurately and allow for a 90° solder connection. The motherboard was configured so the sensors would make up the relevant array to generate the 6 degrees of freedom required for the module.
25mm WIMU Characterisation
The WIMU module has been developed using off the shelf components from suppliers such as Analog Devices and Honeywell. The performance of the module had to be tested for basic functionality and then for the generation of a set of system specifications. A number of experiments were designed and executed to carry out this characterisation. The system was connected to a PC wirelessly to log the information received from the WIMU for off board analysis. Each of the sensors was subject to conditions that excited the respective sensing properties (tilt, rotation, magnetic field) and the results were recorded and compared to manufacturers' specifications. The accelerometers were subject to tilt extremes to measure the max, min and zero offsets. The gyroscopes were excited using a calibrated rotating table while the magnetometers were excited using a Helmholtz coil set up. All of the data was recorded and analysed used a customised C++ application.
The "Rock 'n' Roll" application was developed to provide a visual analysis of the sensor data being produced by the WIMU. This application allowed for the viewing of the sensor signals in real time and contained integrated calibration routines that allowed for the calculation of the resolution of each the sensors. The oscilloscope style interface of the 'Rock'n'Roll' application can be seen in Figure 3 . The Rock'n'Roll application also has a Kalman Filter module integrated to enable the fusion of the sensor signals and real time monitoring of the orientation of the module.
Using this application, the Gyroscopes, Accelerometers and Magnetometers were all tested and shown to be working within the expected parameters. The Gyroscopes recorded sensitivity was within 2% of the expected value. The Accelerometers all produced sensitivity factors within 5% of their expected specified values. The magnetometers were shown to have reduced sensitivity but still maintained sub degree resolution for high specification navigation applications. Reset of the magnetometers (under control of the microcontroller as required) increases dramatically the resolution of the magnetometers.
Sensor Characterisation

Accelerometers
As the name suggests, the IMU provides inertial acceleration measurements, therefore resulting measurements made by the accelerometers are a sum of effects due to linear acceleration, orientation of the platform with respect to the gravity vector, angular acceleration of the platform as it moves round a curve, the effects of the Coriolis force, and finally the centrifugal acceleration caused by the earth rotation around itself. Ignoring the last two acceleration components we can consider that the measurements made by the accelerometers are in fact a sum of effects due to linear acceleration, orientation of the platform with respect to the gravity vector and angular acceleration of the platform as it moves round a curve [14] . However accelerometers sensors will be mostly sensitive to the gravity vector element and therefore can also be used as a tilt sensor [15] , their role when used as an inclinometer can be improved by using an appropriate low pass filter. Figure 4 above graphically shows the signal output of the accelerometer which has its sensitive axis in the U direction (see Figure 8 ). The first segment of the wave form shows the acceleration measured while we were changing the U axis from a plane in which it's parallel to the earth's surface to a plane in which it points toward the earth's core and the sensor is experiencing a force of 1g (9.81m/s 2 ). This is the acceleration due to tilt respect to gravity.
The second segment shows the acceleration measured with the same motion as the first section, but with simultaneous inclusion of dynamic acceleration.
Gyroscopes
Gyroscopes are angular velocity sensing devices. They provide the angular velocity around the three orthogonal axes. 
Magnetometers
The magnetometers integrated into the IMU system measure the earth magnetic field on three orthogonal axes. Figure 6 shows the magnetometer output in the West direction (see Figure 7 ) while we were changing its orientation from north to south. The Earth's magnetic field intensity is about 0.5 to 0.6 Gauss, it is approximated with a dipole model and has a component parallel to the Earth's surface that always pointing toward magnetic north and is used to determine compass direction.
For establishing device orientation, the key components of the magnetometers' sensor data are a) parallel to the earth's surface and b) in the direction of the earth's magnetic north. These vectors can be used to estimate the direction cosine matrix (it will be called Orientation Matrix from now on) defined in section 4.1.
The end result of these calculations is an orientation estimation referenced with respect to the magnetic north, which differs from geographic north, by about 5 degrees in geographic locations found in Ireland. Geographic north is located at the earth's rotational axis and is referenced by the meridian lines found on maps. At different locations around the globe, magnetic and geographic north can differ by ±25 degrees. This difference is called the declination angle and can be determined from a lookup table based on the geographic location.
Figure 6: Magnetometers outputs
Generally it is possible to obtain the orientation of the IMU with high accuracy by fusing Gyroscope, Accelerometer, and Magnetometer signals via Kalman Filtering [16, 17] .
In this case, the accelerometers are used as a tilt sensor, under this approach is useful to use an appropriate low pass Filter that make the accelerometers signal more sensitive to gravity [18] and the magnetometers are used as a compass.
Inertial Systems Equations. 4.1 Frames
Measurements made directly from the IMU are referenced with respect to the IMU sensors axes, which are fixed by the physical orientation of the sensors. These axes (Figure 7 ) are called the IMU-Fixed Frame and all the sensor outputs are referenced to this frame. To enable the tracking of positioning and orientation, we need to reference the data to a known origin (reference frame. To achieve this we use the Earth-Fixed Frame (Figure 8 ) that is defined with its X-axis parallel to the Earth's surface and pointing toward the Earth magnetic North, its Z-axis parallel to the gravity vector and therefore perpendicular to the Earth's surface and Yaxis will be the cross product between the Z and X axes. The Orientation Matrix is a 3x3 Matrix that transforms any vector given respect to the IMU fixed-Frame (and therefore given by the sensors outputs) into the known reference Earth-Fixed Frame. 
Algorithms Development for inertial (IMU)-based tracking system
Orientation Estimation Calculations
The Orientation of the IMU will have two sources of estimation: gyroscopes outputs and the outputs from the accelerometers and magnetometers. Gyroscopes cannot be used in isolation for obtaining absolute Orientation because of the drift associated with their readings. Magnetometers & accelerometers lead to orientation estimation with long-term stability but shortterm occasional inaccuracy due to the presence of ferromagnetic materials or other magnetic fields (different to the earth's magnetic field) and due to linear and rotational accelerations that disturb the orientation estimation.
Thus we can combine the advantage of the short-term precision of Gyroscopes and the long-term stability of Accelerometers and Magnetometers via a Kalman Filter.
Orientation estimation from gyroscope outputs
, we can keep the order of rotation and follow it every time step as follows:
Definition of Angles
2
2 
and given general rotation matrix [18]:
We define an Orientation matrix as follows:
The orientation matrix contains information about the orientation of the IMU and the order of rotation followed until this orientation is achieved. That means we can translate the coordinates of any vector from the IMU-Fixed Frame to the EarthFixed Frame using the Orientation Matrix.
Orientation estimation from Accelerometers and Magnetometers outputs
Reminding that the Orientation Matrix is a 3x3 Matrix that transforms any vector given respect to the IMU fixed-Frame (and therefore given by the sensors outputs) into the known reference Earth-Fixed Frame, so that the Orientation Matrix transforms coordinates from the IMU-fixed frame to the Earth-fixed frame and, equivalently, its inverse transforms coordinates from the Earth-fixed frame to the IMU-fixed frame. 
The magnetometer measurements provide data regarding the earth's magnetic field on three orthogonal axes. This magnetic field vector is used to directly calculate the first column of the inverse of Orientation Matrix.
Considering that the earth magnetic field vector, referenced to the Earth Fixed Frame, is parallel to the X axis and that H denotes the earth magnetic field magnitude in the region of interest, then, the Earth magnetic field coordinates in the Earth As well as the magnetic vector, the accelerometer field vector is used to directly calculate the third column of the inverse of Orientation matrix.
Since the gravity vector, referenced to Earth fixed-frame, is parallel to the Z axis and g denotes the gravity acceleration magnitude, then, the gravity vector coordinates in the Earth Fixed Finally the second column of the inverse of the orientation matrix will be directly calculated from the cross product between the third and first columns.
System equation for tracking position
The general algorithm used to obtain position is presented in flow-chart in Figure 10 .
Figure 10. Inertial tracking algorithm flow chart
It can be seen that three different elements comprise the algorithm:
(a) The top element, which corresponds to the Orientation estimation.
(b) The middle element, which corresponds to the linear acceleration extraction.
(c) The button element, which corresponds to the system equation for obtaining position
The system equations for tracking position are then summarized in the following state equation
Note that the trapezium rule has been used in equation (15) as numerical integration method.
Where: The algorithm to obtain position uses linear acceleration, therefore it is necessary to remove both gravity and centripetal force components from the sensor data to obtain the linear acceleration in a previous step (see Figure 10 and Figure 11) .
The Gravity acceleration in the IMU-fixed frame can be calculated as: In general two kinds of rotation can take place in a general movement; the first consists of the rotation of the body around itself and the second consists of the rotation of the body around a point in the space. This is analogous to the movement of the Earth which experiences two rotational movements: One rotation around itself and another one its orbit around the Sun, another typical example would be the general movement of a spinning top.
For this application the first rotational element can be neglected due to its small magnitude, the second however must be taken in to account as follows: The centripetal force is given as the cross product of the angular velocity and the linear velocity. This velocity is the linear velocity on the IMU axes obtained in the IMU Fixed-frame, according to the nomenclature followed; this is the velocity in the axes U, V, W.
IMU Graphical Interface for Orientation
As an aid to evaluating the efficiency of the algorithms under development, a graphical tool was generated to show visually the tracking and motion analysis algorithms at work. This consists of a representation of a cube on a PC screen with 6 different colours on each of its sides. As the inertial measurement unit is moved and rotated in real time, this movement is wirelessly transmitted to a base station and the appropriate equations (in MATLAB) implemented on the sensor data. The virtual cube then maps and replicates in real time the movement of the real WIMU which it represents as shown in Figure 12 .
Figure 12. IMU Graphical Interface for Orientation
The cube is defined by eight vertices that form six sides. Figure 13 shows the coordinates of the vertices defining a cube in which the sides are one unit in length:
Figure 13. Cube coordinates
The coordinates of all cube vertices can be recalculated after any rotation using the Orientation Matrix and therefore the Graphical interface for orientation consists of collecting the data from the IMU sensors and recalculating the orientation of the real WIMU cube, before redrawing the virtual cube in real time using three different algorithms.
The first algorithm calculates the orientation matrix from the gyroscopes outputs, the second algorithm calculates the orientation matrix from the magnetometers outputs (as a compass) and from the accelerometers outputs (as an inclinometer), and finally the third algorithm calculates the orientation matrix as an output of all IMU sensors using Kalman filter and digital filters.
This results in the cube on the screen mirroring the movement and rotation of the WIMU in real time.
RESULTS
As anticipated, the orientation estimation using only the gyroscope outputs resulted in a short-term accuracy of inertial measurement (in the order of a few seconds) caused by the drift inherent in these type of sensors, since we were calculating angles by multiplying the output of a gyroscope by time -t, any errors in the output of the gyroscope were also multiplied by t. This leads to a large error coefficient in the angle calculations.
The described above was experimented using the first algorithm of IMU Graphical Interface for Orientation (as described in section 5).
Orientation estimation from a three axis compass utilising the magnetometer outputs and the data from the accelerometers acting as a tilt sensor resulted in an improved level of accuracy. However the level of precision decreases when the IMU is subjected to rapid movements, or is in presence of ferromagnetic materials or other magnetic fields near the sensor module, as these disturb the local earth magnetic field and, therefore, the orientation estimation. All of this was observed using the second algorithm of IMU Graphical Interface for Orientation (see section 5).
The fusion of the data from the magnetometers, accelerometers and gyroscopes sensors using Kalman Filtering algorithms, along with the use of an appropriate low pass Digital Filter that improves the role of the accelerometers as an inclinometer, eliminated the accuracy decrease discussed above yielding a precise 3D Orientation estimation which was observed using the third algorithm of IMU Graphical Interface for Orientation (see section 5).
As regards tracking of movement, accuracy is an issue due to sensor drift since an IMU calculates position by multiplying the output of an accelerometer by t²; any errors in the output of the accelerometer are also multiplied by t². This leads to huge position errors: in just 60 seconds, a one-dimensional IMU using an accelerometer with an output noise level of just 0.004 g yields a position uncertainty of about 70 meters. For 3 dimensional tracking, the situation gets worse.
We can see this effect in Figure 14 , which is the result of one of the preliminary tests we have carried out. Note that this test was carried out prior to the implementation of the orientation algorithms using the magnetometers and accelerometers outputs as described, and therefore the orientation matrix estimation in this case is poor as a result of being calculated using only sensor data from the gyroscope outputs. This demonstrates the requirement for sophisticated algorithms to map movement using these types of sensors. 
CONCLUSIONS & FUTURE WORK
As far as absolute position tracking is concerned, it has been shown that IMUs cannot be used in isolation for absolute position tracking, however, low cost tracking of movement using inertial MEMS based sensors is conceivable, utilising additional known position input updates as the same manner as the drift in the orientation estimation using gyroscopes was removed using compass and inclinometer updates integrated in the algorithms developed.
A mathematical algorithm for absolute position tracking, which is implemented within a wireless inertial measurement unit (WIMU) based tracking system, has been presented. Future work, will investigate various mechanisms to reduce the drift element associated with typical inertial sensors when used for motion tracking, e.g., a GPS, RFID or triangulation based receiver system to give precise positional updates. These positional updates could then be used along with the mathematical algorithm to provide an accurate 3-Dimensional tracking system.
The accurate results given by the orientation estimation will be the starting point to investigate new algorithms under an approach different from the search of absolute position tracking, the relative position tracking, that is, if we take the Human body as an example of this, one could use an IMUs network with IMUs attached to specific points of the body and use the relative orientation of each other along with the inherent constraints of the human body model (e.g. fixed distance from wrist to elbow and from elbow to shoulder and so on..) to eliminate any integration drift.
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